The synthesis of Zein nanoparticles (NPs) using conventional methods, such as emulsion solvent diffusion and emulsion solvent evaporation, is often unreliable in replicating particle size and polydispersity between batch-to-batch syntheses. We have systematically examined the parameters for reproducibly synthesizing Zein NPs using a Y-junction microfluidics chip with staggered herringbone micromixers. Our results indicate that the total flow rate of the fluidics system, relative flow rate of the aqueous and organic phase, concentration of the base material and solvent, and properties of the solvent influence the polydispersity and size of the NPs. Trends such as increasing the total flow rate and relative flow rate lead to a decrease in Zein NP size, while increasing the ethanol and Zein concentration lead to an increase in Zein NP size. The solvent property that was found to impact the size of the Zein NPs formed the most was their hydropathy. Solvents that had a hydropathy index most similar to that of Zein formed the smallest Zein NPs. Synthesis consistency was confirmed within and between sample batches. Stabilizing agents, such as sodium caseinate, Tween 80, and Pluronic F-68, were incorporated using the microfluidics system, necessary for in vitro and in vivo use, into Zein-based NPs.
Introduction
Nanoparticle-based drug delivery systems have been investigated over the past few decades to improve the efficacy, bioavailability, and circulation half-life of small molecule drugs [1, 2] . Modulating the particle s size and shape changes its biodistribution, and thus allows control over the pharmacokinetics of the loaded drug. In therapeutic applications for cancer, nanoparticles (NPs) <300 nm localize at tumor sites because they escape from leaky tumor vasculature in a process known as the enhanced permeability and retention effect (EPR) [2, 3] . As tumor vessel pore cutoff sizes are typically between 380 and 780 nm, NPs between 100 and 300 nm can extravasate through the vessel pores into the perivascular area, and hence into the tumor microenvironment where the drug is eventually released [3] . The EPR effect, therefore, increases accumulation of the NP, and by extension, the loaded drug at the target site, and thus increases the drug s efficacy while decreasing its side effects [4] .
protein NPs of the desired size consistently from batch-to-batch, and which can be scaled up for mass production.
Microfluidic systems can be used to control the parameters affecting coprecipitation more rigorously and create NPs in a highly reproducible manner [23] [24] [25] . Aqueous and organic phases are still used in the same way to precipitate NPs, but microfluidic systems offer better control over the mixing at the junction where the two solvent streams meet. The laminar flow regime of the solvents and predictable flow patterns produce consistent mixing conditions that result in particles of uniform diameter [23] . To modulate the size and polydispersity of the NPs, parameters such as the relative flow rate of the aqueous and organic phase, the total flow rate of the fluidics system, and the properties of the solvents, can be adjusted. As opposed to conventional coprecipitation methods, microfluidic systems are scalable and show good potential for the production of NPs at industrial scales [26] . However, there are few systematic studies on the reproducibility of microfluidics for preparing protein NPs, and the system parameters that affect the size and polydispersity of the particles.
We report here the use of Y-channel microfluidic chips with staggered herringbone micromixers to synthesize Zein NPs reproducibly ( Figure 1 ). The total flow rate of the fluidics system, the relative flow rate of the aqueous and organic phase within the fluidics system, the concentration of the reagents and protein, solvent properties, and the incorporation of stabilizers were systematically varied to ascertain their effects on the formation of Zein NPs. The results highlight the factors that affect the size of the NPs and batch-to-batch reproducibility when using microfluidics to synthesize Zein NPs.
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Figure 1.
A graphical depiction of the Zein nanoparticle (NP) synthesis using a coprecipitation microfluidics system. At the inlet channels, the organic phase is indicated in red while the aqueous phase is blue.
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Materials
Zein from maize (Catalog number 9010-66-6), caesium sodium salt from bovine milk (Catalog number C8654), Acetonitrile (Catalog number 34998), Tween 20 (Catalog number 9005-64-5), and Tween 80 (Catalog number 9005-65-6) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Isopropanol was purchased from Fisher Chemical (Catalog number PX1837/2). Ethyl alcohol anhydrous was purchased from Commercial Alcohols (Catalog number P016EAAN) and Pluronic F-68 (Catalog number 24040-032) was purchased from ThermoFisher Scientific (Waltham, Figure 1 . A graphical depiction of the Zein nanoparticle (NP) synthesis using a coprecipitation microfluidics system. At the inlet channels, the organic phase is indicated in red while the aqueous phase is blue.
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Materials
Zein from maize (Catalog number 9010-66-6), caesium sodium salt from bovine milk (Catalog number C8654), Acetonitrile (Catalog number 34998), Tween 20 (Catalog number 9005-64-5), and Tween 80 (Catalog number 9005-65-6) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Isopropanol was purchased from Fisher Chemical (Catalog number PX1837/2). Ethyl alcohol anhydrous was purchased from Commercial Alcohols (Catalog number P016EAAN) and Pluronic F-68 (Catalog number 24040-032) was purchased from ThermoFisher Scientific (Waltham, Massachusetts, USA). Reagents were used as received, unless otherwise stated. Acrodisc syringe filters (13 mm, 0.8 µm Processes 2019, 7, 290 4 of 19 membrane) were purchased from Pall (Show Low, AZ, USA). Slip tip syringes for 3 (Catalog number 309586), 1 (Catalog number 309659), and 10 (Catalog number 309604) mL volumes were purchased from Becton Dickinson (Mississauga, Ontario, Canada). Conical centrifuge tubes of 50 (Cat. 352070) and 15 (Catalog number 352196) mL volume were purchased from Fisher Scientific (Toronto, Ontario, Canada). A Float-A-Lyzer G2 dialysis device (molecular weight cut-off 100 kDa) was purchased from Spectrum Labs (Catalog number 6235035, Boston, MA, USA). Zein NPs were synthesized using a Benchtop NanoAssemblr (Precision Nanosystems, Vancouver, British Columbia, Canada) or a combination of a MEDFUSION (Smiths Medical, Dublin, OH, USA) and New Era NE-1000 syringe pump (New Era Pump Systems, Farmingdale, NY, USA). Samples were analyzed using a NanoBrook ZetaPALS (Brookhaven Instruments, Long Island, OH, USA). Ultraviolet-Visible Spectroscopy (UV-Vis) was performed on a Nanodrop Spectrophotometer ND-1000. Centrifugation was performed on an Eppendorf Centrifuge 54150 (Mississauga, Ontario, Canada). using Eppendorf tubes (VWR, Radnor, Pennsylvania, USA, Cat 20170-577). Scanning electron microscopy (SEM) was performed using a FEI Nova NanoSEM (FEI, Hillsboro, Oregon, USA) with samples being prepared on a 300-mesh formvar/carbon-coated copper grid (Catalog number FCF-300; supplier Electron Microscopy Sciences, Hatfield, PA, USA).
Zein NP Microfluidics Synthesis
Zein (0.05-0.20 g) was dissolved in 10 mL of ethanol, acetonitrile, or isopropanol in a 50 mL falcon tube and stirred at 400 RPM for 3 h. Subsequently, the Zein solution was filtered through a 13 mm syringe filter (0.8 µm). The filtered Zein solution was loaded into a syringe (1.0 mL) as the organic phase in the first inlet channel while its counterpart aqueous phase was loaded into a 3.0 mL syringe in the second inlet channel ( Figure A5 ). The sample was run at various total flow rates (TFR) and relative flow rates (RFR) and collected at the microfluidics chip s outlet channel. Each run was programmed to discard the first 0.3 mL of the sample and the last 0.1 mL of the sample to ensure that the variability in fluid dynamics at the start and end of the synthesis run did not affect the sample. Samples (0.5 mL) were transferred to 1.5 mL Eppendorf tubes, centrifuged (1000 g; 10 min), and the precipitate was kept at room temperature for 1 h before analysis.
Zein NP Batch Synthesis
This synthesis was adapted from Baars et al. [27] . Briefly, Zein NPs were prepared by a coprecipitation method. A stock solution was made by dissolving Zein (1.0 g) in 40 mL of 80:20 ethanol-water solution in a 50 mL falcon tube. The solution was stirred at 400 revolutions per minute (RPM) until the Zein was dissolved (approximately 3 h). Subsequently, the solution was poured slowly into 120 mL of 18.0 MΩ milli-Q water with constant stirring (400 RPM), resulting in a yellow turbid dispersion of Zein NPs. The suspension of Zein NPs was stirred for 10 min after the complete addition of the Zein before collection and analysis.
Zein NP Syringe Pump Synthesis
The Zein solution was prepared as described in Section 2.3; the Zein solution was loaded into a syringe (10 mL) and secured into the first syringe pump. The desired aqueous phase was also loaded into a syringe (10 mL) and placed into a second pump. Both syringe pumps were then connected to 15 cm of 1/32" diameter vinyl tubing and fitted to a polyvinyl T-or Y-junction. The outlet was subsequently connected to 140 cm of the same tubing. The desired flow rates were set on the syringe pumps and solvent flows activated simultaneously. The first mL was discarded, and the subsequent 0.5 mL of the sample was collected in a centrifuge tube. The collected samples were centrifuged (1000 g for 10 min) at room temperature and set aside for 1 h prior to analysis.
Zein Purification
Zein purification was adapted from De Boer et al. [28] . Zein (0.10 g) was suspended in 15 mL of anhydrous ethanol. The suspension of proteins was stirred overnight (400 RPM at 4 • C). The following day, stirring was stopped, and the insoluble Zein was allowed to settle. The supernatant containing impurities was removed, and the collected Zein was resuspended in anhydrous ethanol again. This process was repeated for a total of two to three times with the desired solvent used in the final hydration step. Purified Zein, also known as white Zein, was then used in the same manner as the unpurified Zein in the NP synthesis steps.
Stabilizer Preperation
Sodium Caseinate (SC)-SC (0.30 g) was dissolved in 10 mL of milli-Q water and stirred at 400 RPM for 3 h. This stock solution was diluted to the appropriate concentrations (0.25, 0.50, 0.75, 1.00, and 2.00% w/v) with milli-Q water. SC was used as the aqueous phase in the presence and absence of Zein in the organic phase, which contained 60% ethanol. Tween 20 (TW20)-A 1.00% (v/v) TW20 stock was made by diluting TW20 in milli-Q water. This stock was then diluted to the appropriate concentrations (0.25, 0.50, and 0.75% v/v). The diluted stocks were heated in a water bath (45 • C for 45 min) and cooled to room temperature before use. TW20 samples were used as the aqueous phase when using microfluidics in the presence of Zein in the organic phase, which contained 60% ethanol. Tween 80 (TW80) and Pluronic F-68 (F-68)-A 10.00% (v/v) F-68 and 2.00% (v/v) TW80 stock were used to make the following multi-component samples: 0.05% TW80 and 1.00% F-68; 0.50% TW80 and 1.00% F-68; and 1.00% TW80 and 1.00% F-68. Each solution mixture was then heated in a water bath (45 • C for 45 min) and cooled to room temperature before use. TW80 and F-68 samples were used as the aqueous phase and Zein was present in the organic phase (60% ethanol) in the microfluidic system.
Stabilized Zein Purification
The dialysis tubing was activated as described by the manufacturer. Briefly, the tube was rinsed in 10% ethanol for 10 min followed by a 20-min rinse with deionized (DI) water. Subsequently, stabilized Zein NP was added to the interior of the tubing (0.5 mL). The sample was then dialyzed against a 1000 mL milli-Q water bath that was stirred at 200 RPM at 4 • C. The water bath was changed at 12 h intervals for a total of 2 times. Each time the water bath was changed, a sample (7 µL) was removed from the dialysis tubing for analysis by dynamic light scattering (DLS) and UV-Vis spectroscopy.
Zein Scanning Electron Microscopy (SEM) Preparation
Zein samples were diluted 10 times in milli-Q water (100 µL of sample + 900 µL of water) in an Eppendorf tube immediately prior to sample preparation. The sample (3-5 µL) was spotted on the copper grid and dried under reduced pressure (1-2 h). The samples were imaged immediately after using a SEM FEI Nova NanoSEM (5 kV and 20 kV acceleration voltage, secondary electrons, and backscattered electrons, as well as immersion mode).
Statistics and Image Processing
Data were reported as the average mean with the error bars representing the standard deviation (SD) for triplicate determinations. One-way ANOVA and Tukey s tests were employed to identify differences in means. Statistics were analyzed using Graph Pad Prism 7. Statistical significance was declared at the following levels: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. When no statistical significance was identified, it was indicated as ns above each sample condition. Image processing to verify Zein NP size was performed on SEM images using ImageJ. The SD of the SEM values was found to be 75.6 nm.
Results and Discussion
Formulation Factors and Reproducibility
Zein NPs form according to the basic principles of a liquid-liquid dispersion (LLD) process; the soluble phase (ethanol) containing Zein is introduced to the bulk insoluble phase (water). When these phases are introduced in the presence of mixing, shearing forces cause small droplets of ethanol-Zein to form. The ethanol contained within the droplet is then able to partition into the bulk water, termed solvent attrition, due to the miscibility of ethanol and water. Once solvent attrition occurs, and ethanol concentrations decrease below the solubility limit of Zein, the protein precipitates and forms NPs [19] . During LLD, there are three competing mechanisms that influence particle formation. First, shear forces break the soluble phase into droplets. Second, the particle begins the process of precipitation [19, 29] . At this point in time, the saturation of the system will determine the number of initial nuclei formed as given by the primary nucleation equation Equation (1):
where γ is the solid-liquid interfacial tension, ν is the molar volume, k is the Boltzmann constant, and T is the temperature. The rate of nucleation is coupled with the particle radius and supersaturation (Equation (2)), and through the Ostwald-Freundlich equation (Equation (3)), where c(r) denotes the solubility of a particle with radius r, and c * is the equilibrium [29] . If the transition between nucleation and discrete particle formation is prolonged, a mechanism termed Ostwald ripening (OR) can occur, where smaller NPs can dissolve and combine with larger particles, since the concentration has dropped below the saturation concentration for droplets of their size [19, 30] . This process can occur in seconds or minutes and results in larger and less-polydisperse samples. The third mechanism is the coalescence of the particles within the system. Coalescence can occur if the ethanol concentration within the droplet is sufficiently high enough to solubilize Zein when two particles interact with each other due to shearing or Brownian motion. If the particle fully precipitates while coalescence is occurring, large or irregular structures may be produced. However, if the nuclei cease to interact or if there is no interaction to start with, discrete Zein NPs may be formed [19] . Although the three competing mechanisms also occur in the microfluidics process, the impact of each mechanism on particle formation will change relative to that seen in LLD [31] . In the present study, extrinsic and intrinsic parameters of the microfluidic system are examined and compared to its LLD counterpart. In order to study the effect of each parameter on NP formation, our group determined changes in the Zein NP size (measured as the diameter) and polydispersity (PD) as one parameter was varied. Changes in NP size and PD were compared to a standard group of particles made with 1.00% w/v Zein stock solution, an ethanol concentration 60% v/v, a relative flow rate (aqueous to organic phase) fixed at 3 to 1, and a total flow rate of 2.00 mL/minutes (mL/min). Each parameter was then modulated systematically and its effect on particle size and PD were evaluated. The control or standard Zein particles are shown as purple points within each graph, and comparative statistics were carried out between each experimental sample and the control, standard group.
Effect of TFR and RFR on Zein NP Size and PD
The effects of total flow rate (TFR) and relative flow rate (organic to aqueous phase ratio, RFR) in the Y-junction microfluidic synthesis were investigated. The results shown in Figure 2a indicate that the NPs produced were significantly smaller when the total flow rate was increased (70.65 nm; 8.00 mL/min; p < 0.001), and significantly larger when the total flow rate was decreased (99.95 nm; 0.25 mL/min; p < 0.01). There was, however, no observable decrease in particle size when increasing the flow rate from 6.00 mL/min to 8.00 mL/min. Overall, a higher (relative to the control) total flow rate decreases the size of the droplet formed during the breakup of the soluble phase, and therefore, the number of nuclei that can be formed within the droplet. The decreased number of nuclei within each droplet results in the decrease in the average final particle size [29, 32] . Similar findings have been seen in both LLD and T-and flow focused microfluidics configurations [19, 31] .
the number of nuclei that can be formed within the droplet. The decreased number of nuclei within each droplet results in the decrease in the average final particle size [29, 32] . Similar findings have been seen in both LLD and T-and flow focused microfluidics configurations [19, 31] . Increasing the RFR (1:5; Figure 2c ) significantly reduces the size of the NP produced (73.44 nm; p < 0.01), but when the RFR is reduced to 1:1, the NP′s sizes increase significantly (218.01 nm; p < 0.0001). These changes observed at a RFR of 1:5 and lower occur because the increase in aqueous flow rate creates a situation where there are higher instances of supersaturation of the solute, which in turn increases the number of nuclei formed and ultimately decreases the average size of the final particles formed. The reverse situation results in the formation of larger particles. The decrease in diameter with increasing relative flow rate has been seen previously in LLD by Zhong and Jin [19] . The PD in the samples containing a TFR of 0.25 mL/min or an RFR of 1:1, as seen in Figure 2b ,d, likely decreased due to the increased time available for Zein to solidify; an increased attrition time would allow more time for small Zein nuclei to undergo OR, thereby potentially narrowing the size distribution. This hypothesis was similarly demonstrated using a flow focused and T-junction microfluidics configuration [19, 31] .
In a microfluidic reactor, particle formation relies mainly on the diffusion of the ethanol from the organic phase (dispersed phase) to the aqueous phase (continuous phase). This concept holds true when using low ratios of relative velocities between the organic and aqueous phases, as discussed previously. However, when a high RFR (1:9) was used with the microfluidic system described here, a high PD and incident of particle deformation were observed. While this result was surprising, we attribute the deformation, and an associated increase in PD, to the different spatial shearing intensities that occur at high (versus lower) RFRs. At RFRs of 1:5 and lower, the diffusion of ethanol into the aqueous phase is the dominant mechanism, with shear rates playing a smaller role in particle formation. However, at a RFR of 1:9 the shear rates may have a larger effect on the droplet and particle formation process. We expect that the organic phase closest to the wall of the microfluidic channel will experience the greatest shear forces rates relative to those at the center of the channel. The variation in shear forces, therefore, leads to different rates of particle nucleation within the Increasing the RFR (1:5; Figure 2c ) significantly reduces the size of the NP produced (73.44 nm; p < 0.01), but when the RFR is reduced to 1:1, the NP s sizes increase significantly (218.01 nm; p < 0.0001). These changes observed at a RFR of 1:5 and lower occur because the increase in aqueous flow rate creates a situation where there are higher instances of supersaturation of the solute, which in turn increases the number of nuclei formed and ultimately decreases the average size of the final particles formed. The reverse situation results in the formation of larger particles. The decrease in diameter with increasing relative flow rate has been seen previously in LLD by Zhong and Jin [19] . The PD in the samples containing a TFR of 0.25 mL/min or an RFR of 1:1, as seen in Figure 2b ,d, likely decreased due to the increased time available for Zein to solidify; an increased attrition time would allow more time for small Zein nuclei to undergo OR, thereby potentially narrowing the size distribution. This hypothesis was similarly demonstrated using a flow focused and T-junction microfluidics configuration [19, 31] .
In a microfluidic reactor, particle formation relies mainly on the diffusion of the ethanol from the organic phase (dispersed phase) to the aqueous phase (continuous phase). This concept holds true when using low ratios of relative velocities between the organic and aqueous phases, as discussed previously. However, when a high RFR (1:9) was used with the microfluidic system described here, a high PD and incident of particle deformation were observed. While this result was surprising, we attribute the deformation, and an associated increase in PD, to the different spatial shearing intensities that occur at high (versus lower) RFRs. At RFRs of 1:5 and lower, the diffusion of ethanol into the aqueous phase is the dominant mechanism, with shear rates playing a smaller role in particle formation. However, at a RFR of 1:9 the shear rates may have a larger effect on the droplet and particle formation process. We expect that the organic phase closest to the wall of the microfluidic channel will experience the greatest shear forces rates relative to those at the center of the channel. The variation in shear forces, therefore, leads to different rates of particle nucleation within the system. For example, if the droplet formed at a point located near the aqueous phase, supersaturation conditions would lead to a large number of small particle nuclei. In contrast, if droplet formation occurred closest to the wall of the microfluidic system, the higher concentration of ethanol (due to it being located further away from the aqueous phase) would cause a delay in discrete particle formation, thereby resulting in larger nuclei, increased coalescence, and even potentially particle deformation. Although this phenomenon was not seen in Zein particles using a flow-focused or T-junction microfluidics configuration, it is likely that the different fluid dynamics due to the configuration of the microfluidics chips, as well as the magnitude in the difference between the two phases, influenced shear stress [31] . Figure 3a shows the changes in Zein NP size when the concentration of ethanol is changed. No significant changes in size (compared to control NPs used with 60% ethanol) were seen up to 80% ethanol; however, at an ethanol concentration of 90%, NP sizes increased significantly (81.12 nm and 108.86 nm for 60% and 90% ethanol respectively; p < 0.001). These data suggest a positive correlation exists between increasing ethanol concentration and the size of the NP formed. The observed increase in NP size likely occurs because of OR; the higher concentrations of ethanol require more time to partition out of the droplet, thereby increasing the time for Zein to precipitate and undergo OR. The PDI would, therefore, be expected to decrease under these conditions, which is indeed the case (Figure 3b , p < 0.0001).
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system. For example, if the droplet formed at a point located near the aqueous phase, supersaturation conditions would lead to a large number of small particle nuclei. In contrast, if droplet formation occurred closest to the wall of the microfluidic system, the higher concentration of ethanol (due to it being located further away from the aqueous phase) would cause a delay in discrete particle formation, thereby resulting in larger nuclei, increased coalescence, and even potentially particle deformation. Although this phenomenon was not seen in Zein particles using a flow-focused or Tjunction microfluidics configuration, it is likely that the different fluid dynamics due to the configuration of the microfluidics chips, as well as the magnitude in the difference between the two phases, influenced shear stress [31] .
3.1.2. Effect of Ethanol Concentration on Zein NP Size and PD Figure 3a shows the changes in Zein NP size when the concentration of ethanol is changed. No significant changes in size (compared to control NPs used with 60% ethanol) were seen up to 80% ethanol; however, at an ethanol concentration of 90%, NP sizes increased significantly (81.12 nm and 108.86 nm for 60% and 90% ethanol respectively; p < 0.001). These data suggest a positive correlation exists between increasing ethanol concentration and the size of the NP formed. The observed increase in NP size likely occurs because of OR; the higher concentrations of ethanol require more time to partition out of the droplet, thereby increasing the time for Zein to precipitate and undergo OR. The PDI would, therefore, be expected to decrease under these conditions, which is indeed the case (Figure 3b , p < 0.0001). While this finding has been confirmed in other microfluidics configurations, such as flow focused and T-junction, in LLD a decrease in NP size with increasing ethanol concentration was observed [31] . It was hypothesized that the increased ethanol concentration would allow more time for coalesced Zein to be sheared into smaller particles before solidifying [19, 31, 33] . However, due to the reduced shear found in the microfluidics systems, this increase in attrition time may have allowed for increased coalescence and OR, and, therefore, larger NP diameter.
Effect of Zein Concentration on Zein NP Size and PD
The effects of the Zein concentrations on NP size can be seen in Figure 4a ; the size of the NPs produced was significantly smaller with a Zein concentration of 0.50% w/v (p < 0.001), but particle size increased significantly at Zein concentrations of 2% w/v (p < 0.01). In Figure 4b , the PD significantly decreased with increasing Zein concentration (p < 0.0001). Increasing the Zein concentration increases the viscosity of the solution, which reduces the diffusivity of the solvent, as represented by Stokes-Einstein diffusivity equation: While this finding has been confirmed in other microfluidics configurations, such as flow focused and T-junction, in LLD a decrease in NP size with increasing ethanol concentration was observed [31] . It was hypothesized that the increased ethanol concentration would allow more time for coalesced Zein to be sheared into smaller particles before solidifying [19, 31, 33] . However, due to the reduced shear found in the microfluidics systems, this increase in attrition time may have allowed for increased coalescence and OR, and, therefore, larger NP diameter.
The effects of the Zein concentrations on NP size can be seen in Figure 4a ; the size of the NPs produced was significantly smaller with a Zein concentration of 0.50% w/v (p < 0.001), but particle size increased significantly at Zein concentrations of 2% w/v (p < 0.01). In Figure 4b , the PD significantly decreased with increasing Zein concentration (p < 0.0001). Increasing the Zein concentration increases the viscosity of the solution, which reduces the diffusivity of the solvent, as represented by Stokes-Einstein diffusivity equation:
where k B is Boltzmann s constant, T is absolute temperature, η is dynamic viscosity, and r is the radius of the molecule [31, 34] . The observed increase in NP size with increasing Zein concentration, therefore, 
where kB is Boltzmann′s constant, T is absolute temperature, is dynamic viscosity, and is the radius of the molecule [31, 34] . The observed increase in NP size with increasing Zein concentration, therefore, occurs due to the decreased diffusivity of ethanol within the droplet, and, therefore, increased growth via OR, in addition to the increased density (droplets/mm 3 ) of nuclei formed within the droplet. The positive correlation between Zein concentration and NP size was also reported in a previous study using the LLD method, where the viscosity of the dispersed phase increased with increasing Zein concentrations [18] . Higher solvent viscosity would slow down the deformation of droplets under shear, leading to the formation of NPs with a larger size. Compared to the LLD method, the microfluidic process involves much less shear, and consequently, the deformation of droplets becomes negligible, while the diffusion of ethanol from the dispersed phase to the continuous phase is of greater significance. The results shown in Figure 3e suggest that PD was most greatly influenced by the diffusivity of the system, and therefore increased OR, and lead to a decreased PD in instances of higher Zein concentration [31] .
Effect of Solvent Type on Zein NP Size and PD
The observed change in Zein NP sizes, when used with different solvents, depends on the solvent′s polarity. The hydropathy index of Zein′s major constituents (Z19 and Z22), which comprise approximately 80% of the protein, is 4.70 and 4.86, respectively [35, 36] . The hydrophilicity of the solvents is indicated in Table 1 . Under the basic principles of "like dissolves like", we would then expect that Zein is most soluble in ethanol, and least soluble in acetonitrile. The differences in the solubility of Zein in different solvent mixtures result in different supersaturation levels during nucleation. Ethanol would create higher supersaturation levels after the introduction of water. The increased supersaturation level increases the number of nuclei formed, which in turn decreases the average size of the final particles. The solvent′s polarity seems to be the system′s driving factor in NP formation, as indicated by Figure 5a . Similar findings were experimentally validated in LLD by Vitale and Katz, where they demonstrated that divinyl benzene formed smaller particles in ethanol than acetonitrile, despite the differences in the solvents′ viscosities and diffusion coefficients [30] . It should be noted that in an LLD by Patel et al., isopropanol was found to produce smaller Zein particles than ethanol. However, in this report, the range of sizes had significant overlap with the deviation of the mean and no statistical analysis was performed to indicate whether the difference was significant [29] . The positive correlation between Zein concentration and NP size was also reported in a previous study using the LLD method, where the viscosity of the dispersed phase increased with increasing Zein concentrations [18] . Higher solvent viscosity would slow down the deformation of droplets under shear, leading to the formation of NPs with a larger size. Compared to the LLD method, the microfluidic process involves much less shear, and consequently, the deformation of droplets becomes negligible, while the diffusion of ethanol from the dispersed phase to the continuous phase is of greater significance. The results shown in Figure 3e suggest that PD was most greatly influenced by the diffusivity of the system, and therefore increased OR, and lead to a decreased PD in instances of higher Zein concentration [31] .
The observed change in Zein NP sizes, when used with different solvents, depends on the solvent s polarity. The hydropathy index of Zein s major constituents (Z19 and Z22), which comprise approximately 80% of the protein, is 4.70 and 4.86, respectively [35, 36] . The hydrophilicity of the solvents is indicated in Table 1 . Under the basic principles of "like dissolves like", we would then expect that Zein is most soluble in ethanol, and least soluble in acetonitrile. The differences in the solubility of Zein in different solvent mixtures result in different supersaturation levels during nucleation. Ethanol would create higher supersaturation levels after the introduction of water. The increased supersaturation level increases the number of nuclei formed, which in turn decreases the average size of the final particles. The solvent s polarity seems to be the system s driving factor in NP formation, as indicated by Figure 5a . Similar findings were experimentally validated in LLD by Vitale and Katz, where they demonstrated that divinyl benzene formed smaller particles in ethanol than acetonitrile, despite the differences in the solvents viscosities and diffusion coefficients [30] . It should be noted that in an LLD by Patel et al., isopropanol was found to produce smaller Zein particles than ethanol. However, in this report, the range of sizes had significant overlap with the deviation of the mean and no statistical analysis was performed to indicate whether the difference was significant [29] .
When discussing the PD, it is likely that the larger droplets formed quickly and discretely in acetonitrile, due to its low viscosity, quick diffusion, and affinity for water (Log K OW ), as seen in Table 1 . The PD of particles in isopropanol likely decreased due to its diffusion coefficient and viscosity, which would result in an increase in OR. 
Figure 5. Impact of the solvent type on Zein nanoparticles (NPs): (a) diameter; (b) polydispersity (PD).
When discussing the PD, it is likely that the larger droplets formed quickly and discretely in acetonitrile, due to its low viscosity, quick diffusion, and affinity for water (Log KOW), as seen in Table  1 . The PD of particles in isopropanol likely decreased due to its diffusion coefficient and viscosity, which would result in an increase in OR. 1 Expected value of −0.34 [38] .
Batch to Batch Consistency
Proteins have many attractive qualities as a NP drug delivery system; however, controlling their particle size and minimizing batch-to-batch variations during their synthesis is difficult [41] . Therefore, in order to circumvent this disadvantage, a Y-channel microfluidics reactor was chosen for both its herringbone structures, for increased laminar flow, as well as the system′s overall tunability and scalability. The previous sections in this report demonstrate the tunability of the system; however, we also evaluated the variation between batches of Zein NPs made using the same formulation parameters (TFR 2 mL/min, RFR 3:1, 1% w/v Zein in 60% v/v ethanol) over a period of several weeks. The diameters and PDs of the different Zein NP batches made were found to be consistent, as shown in Figure 6a and 6b, respectively. 
Proteins have many attractive qualities as a NP drug delivery system; however, controlling their particle size and minimizing batch-to-batch variations during their synthesis is difficult [41] . Therefore, in order to circumvent this disadvantage, a Y-channel microfluidics reactor was chosen for both its herringbone structures, for increased laminar flow, as well as the system s overall tunability and scalability. The previous sections in this report demonstrate the tunability of the system; however, we also evaluated the variation between batches of Zein NPs made using the same formulation parameters (TFR 2 mL/min, RFR 3:1, 1% w/v Zein in 60% v/v ethanol) over a period of several weeks. The diameters and PDs of the different Zein NP batches made were found to be consistent, as shown in Figure 6a ,b, respectively.
Confirmation of the DLS data was established using scanning electron microscopy (SEM; Figure 6c,d) . Although the histogram demonstrates that most of the NPs are distributed near the mean of the DLS data, it can be seen that larger particles (>300 nm) are also present. The presence of large NPs was not observed in the DLS analysis (data not shown), and the apparent discrepancy between DLS and SEM data is likely an artifact of sample preparation for SEM. During the preparation the sample is dried under vacuum; since these NPs are not stabilized with surfactants, the particles come into proximity and can merge to form aggregates [42, 43] . These extreme size values generated by the aggregated Zein NPs is reflected in the calculated SD of the sample (75.6 nm). Regardless, the distribution calculated from the NPs imaged using SEM, when aggregation was taken into consideration, correlated well to the data obtained by DLS, thereby further validating the data obtained by DLS.
The consistency data, obtained using the Y-channel microfluidics reactor, were compared to data obtained using other synthesis methods, such as the batch and syringe pump synthesis. A similar set of parameters were tested on a larger Y-junction dual syringe pump system (TFR 6 mL/min, RFR 3:1, 1% Zein in 60% ethanol) over a period of several weeks. As shown in Figure A3a ,b (Appendix A), significant differences in the diameter and PD of the Zein NPs were detected across the 12 trials, with some trials producing NPs that varied by over 100 nm in size. Modifications to the system, such as adjusting the RFR to 5:1 ( Figure A3e,f) , adding stabilizers (0.5% v/v Tween 80 and 1% w/v Pluronic F-68) to the aqueous phase ( Figure A3c,d) , or use of a T-junction, did not improve the batch-to-batch variation ( Figure A3k,l) . A coprecipitation batch synthesis method was also tested, showing significant differences in size and polydispersity of NPs between trials (p < 0.0001). While all other datasets shown have the points on the graph representing discrete batches, the batch synthesis was comprised of multiple measures of the same trials (n = 2). This was done in order to not only visualize between trial variability but also within trial variability as well. Overall, the batch and syringe pump synthesis suggest that other methods, such as the Y-channel microfluidics chip, should be pursued in order to synthesize tunable and reproducible protein NPs.
Processes 2019, 7, x FOR PEER REVIEW 11 of 19 Figure 6 . Reproducibility of Zein nanoparticles (NPs) made using a microfluidics system as demonstrated by: (a) the diameter of Zein NPs produced with the same parameters using different stocks on different days; (b) the polydispersity (PD) of Zein NPs produced with the same parameters using different stocks on different days; (c) a histogram of a Zein NP sample generated using scanning electron microscopy (SEM) images that was determined to be 113 nm using dynamic light scattering (DLS); (d) a representative SEM image of the 113 nm sample obtained.
Confirmation of the DLS data was established using scanning electron microscopy (SEM; Figure  6c,d) . Although the histogram demonstrates that most of the NPs are distributed near the mean of the DLS data, it can be seen that larger particles (>300 nm) are also present. The presence of large NPs was not observed in the DLS analysis (data not shown), and the apparent discrepancy between DLS and SEM data is likely an artifact of sample preparation for SEM. During the preparation the sample is dried under vacuum; since these NPs are not stabilized with surfactants, the particles come into proximity and can merge to form aggregates [42, 43] . These extreme size values generated by the aggregated Zein NPs is reflected in the calculated SD of the sample (75.6 nm). Regardless, the distribution calculated from the NPs imaged using SEM, when aggregation was taken into consideration, correlated well to the data obtained by DLS, thereby further validating the data obtained by DLS.
The consistency data, obtained using the Y-channel microfluidics reactor, were compared to data obtained using other synthesis methods, such as the batch and syringe pump synthesis. A similar set of parameters were tested on a larger Y-junction dual syringe pump system (TFR 6 mL/min, RFR 3:1, 1% Zein in 60% ethanol) over a period of several weeks. As shown in Figure A3a ,b (Appendix A), significant differences in the diameter and PD of the Zein NPs were detected across the 12 trials, with Figure 6 . Reproducibility of Zein nanoparticles (NPs) made using a microfluidics system as demonstrated by: (a) the diameter of Zein NPs produced with the same parameters using different stocks on different days; (b) the polydispersity (PD) of Zein NPs produced with the same parameters using different stocks on different days; (c) a histogram of a Zein NP sample generated using scanning electron microscopy (SEM) images that was determined to be 113 nm using dynamic light scattering (DLS); (d) a representative SEM image of the 113 nm sample obtained.
Functionality and Stability
Once the microfluidics system was confirmed to be both a tunable and consistent method for forming Zein NPs, stabilizing methods were then investigated. Stabilizers Sodium Caseinate (SC) and Tween-80 (TW80) with Pluronic F-68 (F-68) were chosen due to their use in in vivo and in vitro experimentation [44] [45] [46] . SC, as a Zein NP colloidal stabilizer, was first introduced by Patel et al. in 2010 for oral delivery applications. SC was chosen as a stabilizer due to the electrostatic interactions of the negatively-charged SC with Zein, as well as the steric hindrance it provides. In their experiments, they saw that using SC with Zein in an LLD resulted in 120-150 nm negatively-charged particles that had a shifted isoelectric point (from pH 6 to 5). This finding was significant, as it suggested that the NPs would be stable at the biological pH of 6.2 [29] . Lou et al. later explored this theory, where they tested the stability of the SC-Zein particles in Hank's Balanced Salt Solution-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HBSS-HEPES) and Dulbecco's Modified Eagle's medium (DMEM) [44] . The particles, depending on their SC:Zein ratio, were stable and showed minimal to no change in size in most of the experimental conditions. Cell toxicity and uptake were then explored and demonstrated minimal toxicity and increased uptake when using higher ratios of SC:Zein. Based on these findings, as well as the ability of the SC-Zein system to encapsulate hydrophobic compounds, SC made an attractive candidate for the microfluidics system. Interestingly, in these experiments, the size of the SC-Zein NP seemed to increase only minimally with increasing SC concentrations (Figure 7a ). These findings are consistent with the LLD method, suggesting that the different forces and increased homogeneous mixing found in the microfluidics chip had no impact on the interactions between SC and Zein. This was further reinforced, as the small drop in PD when using 1% SC was also prevalent in the LLD method [14, 29] . From these experiments, it can be seen that the Y-channel microfluidics chip can be used to create SC-Zein NPs comparable to that of the LLD method. finding suggests that Zein NPs were stabilized by TW80 and F-68 when synthesized using the microfluidic device. 
Conclusions
A tunable and reproducible method for Zein NP synthesis was established using a Y-junction microfluidics system. The modification of the total flow rate of the fluidics system, relative flow rate of the aqueous and organic phase, and concentration of the base material and solvent allowed for Zein NP size and PD to be controlled. The reproducibility of the synthesis method was shown through the formation of Zein NPs with consistent sizes and PD over six trials. The stabilizer TW80 with F-68 was found to increase Zein NPs stability over time. Overall, the Y-junction microfluidics formulation technique shows promise in creating tunable and reproducible protein NPs that can be used to encapsulate drugs for future in vitro and in vivo applications. Having established a reproducible method of synthesizing stabilized Zein NPs, our group will further extend these studies by loading other materials (e.g., drugs or gold NPs) into the Zein NPs. A variety of amphipathic surfactants (e.g., polysorbates such as Tween 80, Tween 20, etc.) and lipids (phospholipids, glycerophospholipids, etc.) have been used in combination with Zein. In theory, the non-polar tails of the amphipathic surfactants will adsorb on the non-polar areas of the Zein protein. The colloidal stability is then improved due to the steric hindrance provided by the polar head group [42, 43] . However, if these surfactants are used as a single stabilizing agent, partial unfolding of the Zein will occur and the protein NPs themselves will be destabilized, as seen by Mahal et al., and as demonstrated here using Tween 20 ( Figure A1a ) [47] . Therefore, poloxamers-triblock copolymers with a central hydrophobic chain of polyoxypropylene and two hydrophilic chains of polyoxyethylene are used in conjunction with amphipathic surfactants. The concentrations and compositions of the surfactants were based on the in vivo formulation of Jain et al. and modulated using the findings of Podaralla and Perumal [45, 48] . Our findings were similar to those reported by Podaralla and Perumal when modulating the concentrations of TW80 when in the presence of F-68. Briefly, concentrations of TW80 below 0.5% lead to larger particles and aggregates, as indicated by the larger size distribution between the batch-to-batch replicates, while samples containing 0.5% or greater concentrations of TW80 and F-68 led to small, stable particles. It should be noted that formulations containing F-68 concentrations lower than those of TW80 were not studied due to their already well documented instability and lack of pre-clinical applications [45] [46] [47] [48] [49] .
Once formulations of TW80 and F-68 stabilized Zein NPs were synthesized, the resulting NPs were dialyzed to remove the excess TW80 and F-68, as shown in Figure A2 . NPs that were dialyzed and stabilized, as well as NPs that contained no stabilizers, were incubated at both 4 • C and 37 • C. It has been shown previously that Zein NPs can increase in size, either by swelling or aggregating, at elevated temperatures [42, 43] . The protein s swelling and aggregating, however, can be mitigated by stabilizing the protein NPs [43, 46] . Indeed, as seen in Figure 7e , only NPs that were incubated at 37 • C and not stabilized increased in size over the course of 72 h relative to their 4 • C counterpart. This finding suggests that Zein NPs were stabilized by TW80 and F-68 when synthesized using the microfluidic device.
A tunable and reproducible method for Zein NP synthesis was established using a Y-junction microfluidics system. The modification of the total flow rate of the fluidics system, relative flow rate of the aqueous and organic phase, and concentration of the base material and solvent allowed for Zein NP size and PD to be controlled. The reproducibility of the synthesis method was shown through the formation of Zein NPs with consistent sizes and PD over six trials. The stabilizer TW80 with F-68 was found to increase Zein NPs stability over time. Overall, the Y-junction microfluidics formulation technique shows promise in creating tunable and reproducible protein NPs that can be used to encapsulate drugs for future in vitro and in vivo applications. Having established a reproducible method of synthesizing stabilized Zein NPs, our group will further extend these studies by loading other materials (e.g., drugs or gold NPs) into the Zein NPs. 
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The authors declare no conflict of interest. Figure A3 . The batch-to-batch consistency between trials: (a) the diameter of Zein nanoparticles (NPs) using a syringe pump synthesis under standard conditions, n = 36; (b) the polydispersity (PD) of Zein NPs using a syringe pump synthesis under standard conditions, n = 36; (c) the diameter of Zein NPs using a syringe pump synthesis under standard conditions with stabilizers [0.5% Tween 80 (TW80) 1.0% Pluronic F-68 (PF-68)], n = 9; (d) the PD of Zein NPs using a syringe pump synthesis under standard conditions with stabilizers (0.5% TW80 1.0% P-F68), n = 9; (e) the diameter of Zein NPs using a syringe pump synthesis under standard conditions other than relative flow rate (RFR) [RFR 1:5], n = 27; (f) the PD of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5], n = 27; (g) the diameter of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5] with stabilizers (0.5% TW80 1.0% PF-68), n = 9; (h) the PD of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5] with stabilizers (0.5% TW80 1.0% P-F68), n = 9; (i) the diameter of Zein NPs using a batch synthesis method, n = 2; (j) the PD of Zein NPs using a batch synthesis method, n = 2; (k) the diameter of Zein NPs using a syringe pump synthesis with a T-Junction under standard conditions, n = 9; and (l) the PD of Zein NPs using a syringe pump synthesis with a T-Junction under standard conditions, n = 9. Figure A3 . The batch-to-batch consistency between trials: (a) the diameter of Zein nanoparticles (NPs) using a syringe pump synthesis under standard conditions, n = 36; (b) the polydispersity (PD) of Zein NPs using a syringe pump synthesis under standard conditions, n = 36; (c) the diameter of Zein NPs using a syringe pump synthesis under standard conditions with stabilizers [0.5% Tween 80 (TW80) 1.0% Pluronic F-68 (PF-68)], n = 9; (d) the PD of Zein NPs using a syringe pump synthesis under standard conditions with stabilizers (0.5% TW80 1.0% P-F68), n = 9; (e) the diameter of Zein NPs using a syringe pump synthesis under standard conditions other than relative flow rate (RFR) [RFR 1:5], n = 27; (f) the PD of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5], n = 27; (g) the diameter of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5] with stabilizers (0.5% TW80 1.0% PF-68), n = 9; (h) the PD of Zein NPs using a syringe pump synthesis under standard conditions other than RFR [RFR 1:5] with stabilizers (0.5% TW80 1.0% P-F68), n = 9; (i) the diameter of Zein NPs using a batch synthesis method, n = 2; (j) the PD of Zein NPs using a batch synthesis method, n = 2; (k) the diameter of Zein NPs using a syringe pump synthesis with a T-Junction under standard conditions, n = 9; and (l) the PD of Zein NPs using a syringe pump synthesis with a T-Junction under standard conditions, n = 9. Zein contains removable, colored impurities, such as xanthophylls (including lutein, zeaxanthin, and β-cryptoxanthin) and b-carotene [28, 48] . The presence of these impurities has been known to increase the polydispersity of Zein NPs and decrease their drug encapsulation efficiency; therefore, it can be understood why there have been increasingly more efforts put into purifying Zein [28, 48, 50] . To remove the impurities in our studies, the Zein powder from the manufacturer was washed using 100% ethanol, in which the Zein does not dissolve, but the impurities do. The number of washing steps necessary was determined by collecting the supernatants of three consecutive washes and measuring their absorption spectra ( Figure A4c) . The results indicate that one washing step was sufficient to remove most impurities from the Zein. Similar results were shown by De Boer et al. [28] . To verify that the colored impurities were removed, the absorption spectra of the diluted unpurified and purified Zein solutions were compared using UV-Vis ( Figure A4d ). After purification, a lower absorption is observed in the wavelength range of 220 to 420 nm than for the unpurified Zein. Based on the absorbance of the collected supernatants, this suggests that most of the impurities were successfully removed. These purified and unpurified Zein solutions were then used with the microfluidics chip under standard conditions (1.00% w/v Zein stock solution, an ethanol concentration 60% v/v, a relative flow rate (aqueous to organic phase) fixed at 3 to 1, and a total flow rate of 2.00 mL/min). As seen in Figure A4a , the size variability between batches using purified Zein was much less than those of the unpurified Zein. Additionally, as seen in Figure A4b , the PD of the purified Zein NPs was significantly more monodisperse than the unpurified Zein NPs. These findings suggest that a Y-channel microfluidics chip could be a suitable candidate in producing small, monodisperse Zein NPs for pharmaceutical applications, such as drug delivery. Zein contains removable, colored impurities, such as xanthophylls (including lutein, zeaxanthin, and β-cryptoxanthin) and b-carotene [28, 48] . The presence of these impurities has been known to increase the polydispersity of Zein NPs and decrease their drug encapsulation efficiency; therefore, it can be understood why there have been increasingly more efforts put into purifying Zein [28, 48, 50] . To remove the impurities in our studies, the Zein powder from the manufacturer was washed using 100% ethanol, in which the Zein does not dissolve, but the impurities do. The number of washing steps necessary was determined by collecting the supernatants of three consecutive washes and measuring their absorption spectra ( Figure A4c) . The results indicate that one washing step was sufficient to remove most impurities from the Zein. Similar results were shown by De Boer et al. [28] . To verify that the colored impurities were removed, the absorption spectra of the diluted unpurified and purified Zein solutions were compared using UV-Vis ( Figure A4d ). After purification, a lower absorption is observed in the wavelength range of 220 to 420 nm than for the unpurified Zein. Based on the absorbance of the collected supernatants, this suggests that most of the impurities were successfully removed. These purified and unpurified Zein solutions were then used with the microfluidics chip under standard conditions (1.00% w/v Zein stock solution, an ethanol concentration 60% v/v, a relative flow rate (aqueous to organic phase) fixed at 3 to 1, and a total flow rate of 2.00 mL/min). As seen in Figure A4a , the size variability between batches using purified Zein was much less than those of the unpurified Zein. Additionally, as seen in Figure A4b , the PD of the purified Zein NPs was significantly more monodisperse than the unpurified Zein NPs. These findings suggest that a Y-channel microfluidics chip could be a suitable candidate in producing small, monodisperse Zein NPs for pharmaceutical applications, such as drug delivery. Figure A5 . Depiction of the microfluidics device, NanoAssemblr, and its major components.
